By the first principles calculations and X-ray diffraction simulations, we perform a systematic study of multiple superconducting phases of potassium-doped picene [Nature 464 76, 2010]. The combination of optimized lattice parameters, formation energy, and simulated X-ray diffraction spectra indicates that the superconducting phase with transition temperature (Tc) of 7 K corresponds to a charge doped K2picene, which is semiconducting with a 0.1 eV energy gap, while the superconducting phase with Tc=18 K corresponds to a metallic K3picene. The distinct crystal and electronic structures of K2picene and K3picene provide a reasonable explanation of two superconducting phases in potassium-doped picene.
By the first principles calculations and X-ray diffraction simulations, we perform a systematic study of multiple superconducting phases of potassium-doped picene [Nature 464 76, 2010] . The combination of optimized lattice parameters, formation energy, and simulated X-ray diffraction spectra indicates that the superconducting phase with transition temperature (Tc) of 7 K corresponds to a charge doped K2picene, which is semiconducting with a 0.1 eV energy gap, while the superconducting phase with Tc=18 K corresponds to a metallic K3picene. The distinct crystal and electronic structures of K2picene and K3picene provide a reasonable explanation of two superconducting phases in potassium-doped picene.
Superconductivity in organic materials are among the most fascinating phenomena in condensed matter physics. The recent discovery of superconductivity in potassium-doped picene (C 22 H 11 ) [1] stimulated great interest of researchers to investigate superconductivity in aromatic solid materials. A few kinds of aromatic molecules, including picene (C 22 H 11 ), phenanthrene (C 14 H 10 ) [2] , coronene (C 24 H 12 ) and dibenzopentacene (C 30 H 18 ) [3] have been used to synthesize aromatic superconductors by intercalating metal atoms into the molecular crystals [4, 5] . Experimental measurements [6] [7] [8] [9] and theoretical calculations [10] [11] [12] [13] [14] showed that there exist electronic correlations, magnetism [15] [16] [17] [18] [19] , and pronounced electron-phonon coupling [20] in aromatic superconductors, which are very similar to the situations of high-T c cuprates and iron-based superconductors. Hence, it is challenging to understand the superconducting (SC) mechanism in aromatic superconductors.
One of the most intriguing properties of aromatic superconductors is the existence of multiple SC phases in K-doped picene, coronene, and dibenzopentacene. In particular, two different SC phases in K-doped picene, one with T c ∼ 7 K and the other as high as 18 K, have attracted considerable attention. Currently, the crystal structures of K-doped picene remain unclear. On the experimental side, the measured lattice parameters showed large discrepancies for the samples prepared by solidstate reaction method and solution method (see Table I ), and it is difficult to derive the positions of intercalated K atoms. On the theoretical side, the optimized crystal structures from the first principles calculations deviate dramatically from the experimental ones: the experimental lattice parameter a is much larger than b, while a and b take similar values from the first principles simulations.
Since the determination of atomic structure of materials is a prerequisite to explore their electronic, mag- * huangzb@hubu.edu.cn netic, and SC properties, it is urgent to identify the crystal structures of aromatic superconductors, especially for two SC phases in K-doped picene, where various experimental data have been accumulated. Besides aromatic superconductors, the identification of crystal structure is crucial for understanding the SC property of other alkali metal intercalated layered materials, including ironbased superconductors, graphite, and graphene. Interesting, in FeSe, alkali metal (Li, Na, or K) has been intercalated into the space between FeSe layers to optimize the SC property, which also leads to multiple SC phases at T c =30∼46K.
In this Letter, we have performed a systematic study of two SC phases in K-doped picene by combining the first principles calculations and X-ray diffraction (XRD) simulations. Based on the optimized lattice parameters, formation energy, and XRD spectra, we find that the SC phase with T c ∼ 7 K is indeed related to a semiconducting K 2 picene, whereas the SC phase with T c = 18 K corresponds to a metallic K 3 picene. This is the first time to identify theoretically the difference of crystal structures and dopant concentrations between two different SC phases. The relatively large density of states of 10.4 states/eV at the Fermi level in K 3 picene provide a reasonable explanation of higher T c in the T c = 18 K SC phase. In addition, we point out that an inclusion of KOH in SC samples not only explains the experimental XRD peaks, but also demonstrates that preventing KOH generation in experiment is an important measure to improve the sample quality of K-doped aromatic superconductors.
In our calculations the plane wave basis and pseudopotential method was used. The psudopotentials are supplied by Vienna Ab initio simulation package (VASP) website [21, 22] , which adopt the projector augmentedwave method (PAW) [23] and Perdew-Burke-Ernzerhof (PBE) type generalized gradient approximation (GGA) [24] . The plane wave basis cutoff is set to 300 eV. The Gaussian broadening technique was used and a mesh of 4 × 6 × 4 k-points were sampled for the Brillouin-zone integration. The convergence thresholds of the total energy, force on atom and pressure on cell are 10 −4 eV, 0.01 eV/Åand 0.1 KBar, respectively. The XRD sepectra were simulated by Mercury program [25] .
We first study the structure of pristine picene, which is the basis for the structure exploration of K-doped counterpart. Picene molecule is a flat hydrocarbon composed of five fused benzene rings. The molecular crystal of pristine picene crystallizes in the space group P 2 1 and each unit cell contains two molecules, which are arranged in a herringbone pattern to form a layer parallel to the ab plane, and then molecular layers are stacked along the c axis, as shown in Figs. 1(a) and 1(b) . The optimized lattice parameters a, b, c, β are 8.489Å, 6.124Å, 13.444Å, 90.43
• , in excellently agreement with the experimental values 8.472Å, 6.17Å, 13.538Å, 90.84
• ). The simulated XRD spectra of picene shown in Fig. 1(c) are in perfectly consistent with the measured ones. These results provide a fundamental guarantee for the applicability of C and H pseudopotentials, the reasonability of k-point mesh, and plane wave basis cutoff in our following calculations of K-doped picene.
Experimental results indicated that K-doped picene also crystallizes in the space group P 2 1 and two molecules in a unit cell arrange in the herringbone pattern. In order to distinguish the K atom positions in the molecular crystal, we define the interstitial space enclosed by four molecules in a molecular layer as a hole, and name the positions corresponding to five benzene rings of a molecule as A, B, C, D, E, as shown in Fig. 2(a) . When two K atoms are intercalated into each hole, three kinds of pos- The structural phases of K 3 picene can be constructed by adding two K atoms to the unit cell of K 2 picene phase. On the basis of K 2 -AC or K 2 -CE, the occupation with K atom at the E or A position lead to the K 3 -I phase, as shown in Fig. 3(a) . When two K atoms are added to the K 2 -BD cell, there are two kinds of arrangement, i.e., two K atoms are put outside E and outside A, corresponding to the initial configuration of phases K 3 -II and K 3 -III. The structure of K 3 -II is similar to K 2 K 1 in Ref. [10] and two K atoms still sit outside E positions after relaxation shown in Fig. 3(b) . However, K atoms outside A position in the K 3 -III phase have a large change and move into the hole after structure optimization shown in Fig. 3(c) .
The optimized lattice parameters and fraction coordi- nations of K atoms are listed in Table. I. For K 2 picene, the energy of K 2 -BD is lower than that of K 2 -CE by 0.28 eV/molecule and that of K 2 -AC by 0.41 eV/molecule, suggesting that the K 2 -BD phase is the most stable configuration for K 2 picene from the energetic point of view. As a result, the K 2 -BD phase has a higher probability of existence in the experimental samples. Among the three phases for K 3 picene, K 3 -I has the lowest energy, which is 0.46 eV and 0.022eV lower than K 3 -II and K 3 -III per unit cell, respectively. Notice that K 2 -BD and K 3 -I are in good agreement with the K 2.9 sample [1] and the T c =18 K sample [6] , except for a bit longer b axis. We also calculate the formation energy in term of the formula E f ormation = E Kx − E pristine − E dopant , where x stands for the number of K atoms and E dopant is the product of single atom energy in bulk metal and atom number in a unit cell. For the K 2 -BD phase, the formation energy is -0.330 eV per K atom, which suggests that it is easy to synthesize in experiment. The formation energy of the K 3 -I phase is -0.295 eV per K atom, comparable to the one for K 2 picene, indicating that K 3 picene is another reasonable structure phase for K-doped picene. For K 4 picene as shown in Fig. 3(d) , the corresponding formation energy is -0.067 eV per K atom, much less than the ones for K 2 picene and K 3 picene, indicating that K 4 picene is not a stable structural phase.
Having identifying the stable structure phases for Kdoped picene, we now turn to identify the crystal structure of experimental SC samples. In Fig. 4 , we compare the simulated XRD spectra of K 2 -BD and K 3 -I with the measured results for the sample with T c =7K [1] . For both K 2 -BD and K 3 -I, we fix the lattice parameters at experimental values to relax the inner atoms. One can clearly see that the simulated XRD spectra of K 2 -BD is in good agreement with the measured one, which can be seen from the positions and strength of the main XRD peaks shown in Fig. 4(a) . The z fraction coordinations for two independent K atoms are (0.3127, 0.6626), which is close to ( ), similar to the z coordinations (0.2981, 0.6540) in the full relaxation case. In contrast, the XRD structure of K 3 -I is not consistent with the expeimental one. Based on the above analysis on energy and XRD spectra, we can draw a conclusion: the T c ∼ 7 K SC phase corresponds to K 2 picene with a K 2 -BD structure.
In Fig.5 , the simulated XRD spectra are compared with the experimental measurement for the T c = 18 K phase by a solution method [6] . The XRD spectra of K 3 -I based on the experimental lattice parameters as displayed in Fig.5(a) show that the peak positions below 28 degree are in accordance with the experiment. Our results (not shown here) also indicate that the XRD spectra for K 3 -II and K 3 -III have a stronger discrepancy to the experiment .
FIG. 5. (Color online)
The simulated XRD spectra of K3-I phase (a) based on the experimental lattice parameters [6] and the XRD spectra of pristine picene (b) and KOH (c) with the experimental crystal structure, ploted with bright blue line. The experimental XRD spectra (red circles and blue line) of K3 picene is also presented in three panels, which data is from Ref. [6] . The used X-ray wave length is 1.54056Å.
than K 3 -I. For this reason, the K 3 -I phase is the most possible configuration corresponding to T c = 18 K phase. As seen from Figs.5(b) and (c), the XRD peaks of pristine picene and KOH have a good agreement with the experimental ones, suggesting that pristine picene and KOH have a considerable portion in the SC sample. This can explain the reason of XRD spectra difference in Fig. 5(a) and the fact of small superconductive shielding fraction.
The band structure and DOS of K 2 -BD and K 3 -I are presented in Fig. 6 . On the whole the bands are flat and little dispersive. For K 2 -BD phase, two bands below Fermi level are mainly from the lowest unoccupied molecular orbitals (LUMO) of two molecules in a unit cell in Fig. 6 (a) , which are occupied as a result of the intercalation of two K atoms per molecule. For K 3 -I phase of K 3 picene, the Fermi level crosses the two bands coming from LUMO+1 orbitals. K 2 -BD phase is a semiconductor with an energy gap of 0.1 eV, which is the parent compounds for T c = 7 K SC phase in terms of above analysis. When the concentration of K atom has few percents deviation from 2 in K 2 -BD phase of K 2 picene, similar to electron or hole doping, the superconductivity can occur. The difference of electronic structure between K 2 -BD and K 3 -I can lead to different superconducting phases, and also lead to different pressure effect on the superconducting T c [6] . According to Bardeen-Cooper-Schrieffer theory of electron-phonon induced superconductivity, the high DOS value of 10.4 states/eV suggest that K 3 -I phase is related to the superconducting phase of T c = 18 K.
Finally, we analyze the structural feature of K 3 -I phase. The K atoms located at the A, C, E positions, which is the most uniform distribution for K 3 picene. The length of a hole accommodating K atoms is about 13.76 A, equal to the molecule length. It assure that two neighbor K atoms have an appropriate distance of 4.18∼4.30 A, which is close to the distance of 4.54Å in the bulk metal of potassium. This uniform distribution can also be found out by the fraction coordinations (z 1 =0.2074, z 2 =0.5183 z 3 =0.8222) of three K atoms listed in Table. I. Another feature is that the picene molecule keep in a plane perfectly for K 3 -I phase due to K atoms uniform distributions. The superconductivity is correlated intimately to the conjugated π orbitals in K-doped phenanthrene and picene, similar to K or Ca intercalated graphite. The uniform distribution of K atoms helps charge to be transferred to molecules and the planar molecule with the least distortion helps delocalize π electrons throughout the whole molecule. Therefore, the K 3 -I phase is favorable for higher SC T c .
In conclusion, we have performed first principle calculations and XRD simulation for K-doped picene. Our results suggest that K 2 picene with K 2 -BD phase is the parent compound of T c =7 K superconducting phase, while the K 3 -I of K 3 picene corresponds to the superconducting phase with T c of 18 K. K 2 -BD phase is semiconducting with 0.1 eV energy gap and K 3 -I phase is a good metal. The great difference in electronic properties leads to different T c and pressure effect on T c in two superconducting phases. The existence of KOH in K-doped picene sample can explain the experimental XRD peaks. Meanwhile, the generation of KOH is an important factor to decrease the sample quality. In a word, we determine the crystal structures of two superconducting phases in Kdoped picene, and provide an important basis to further theoretical and experimental studies.
